A prominent organizational feature of bacterial chromosomes was revealed by Hi-C experiments, indicating anomalously high contacts between the left and right chromosomal arms. These long-range contacts have been attributed to various nucleoid-associated proteins, including the ATPase Structural Maintenance of Chromosomes (SMC) condensin. Although the molecular structure of these ATPases has been mapped in detail, it still remains unclear by which physical mechanisms they collectively generate long-range chromosomal contacts. Here, we develop a computational model that captures the subtle interplay between molecular-scale activity of slip-links and large-scale chromosome organization. We first consider a scenario in which the ATPase activity of slip-links regulates their DNA-recruitment near the origin of replication, while the slip-link dynamics is assumed to be diffusive. We find that such diffusive slip-links can collectively organize the entire chromosome into a state with aligned arms, but not within physiological constraints. However, slip-links that include motor activity are far more effective at organizing the entire chromosome over all length-scales. The persistence of motor slip-links at physiological densities can generate large, nested loops and drive them into the bulk of the DNA. Finally, our model with motor slip-links can quantitatively account for the rapid arm-arm alignment of chromosomal arms observed in vivo.
Introduction
The bacterial chromosome is highly structured over a wide range of length scales [1] [2] [3] [4] . Indeed, microscopy experiments have revealed a remarkable degree of subcellular organization of the chromosome across many species, including Bacillus subtilis, Caulobacter crescentus and Escherichia coli [5] [6] [7] [8] [9] . The structural organization of chromosomes was further exposed by recent Hi-C experiments measuring the contact probability between pairs of loci on the chromosome [6, [10] [11] [12] [13] . On small length scales, the chromosome appears to be organized in the so-called Chromosome Interaction Domains: genomic domains with aboveaverage contact probabilities between pairs of loci. On large length scales, the most prominent feature is the emergence of a cross-diagonal in Hi-C maps spanning the whole length of the genome, indicating anomalously high contact probabilities between opposing pairs of DNA-loci positioned on the left and right chromosomal arms. Such a cross-diagonal is observed in B. subtilis and C. crescentus [10] [11] [12] 14] , but not in E. coli [15] .
The measured cross-diagonal indicates a robust juxtaposition of the left and right arms of the chromosome [10] [11] [12] 14] , an organizational feature that is important for faithful chromosome segregation [6, 9, [16] [17] [18] . This juxtaposed organization is largely controlled by the highly conserved ATPase Structural Maintenance of Chromosomes (SMC) condensin [6, 11, 12] . While much is known about condensin at the molecular level [19 -24] , it is unclear how small numbers of condensins (3-30 per chromosome [25] ) are capable of collectively organizing the chromosome over such a range of length scales. Thus, the physical principles underlying the juxtaposed organization of the chromosome remain elusive.
The functional capability of SMC condensins to organize the chromosome into a juxtaposed state crucially depends on two factors: (i) the presence of a specific & 2018 The Author(s) Published by the Royal Society. All rights reserved.
loading site on the chromosome [11, 26] , and (ii) the ability of condensin to bind and hydrolyse ATP [25, 26] . In B. subtilis, the loading site is established by a large nucleoprotein complex composed of ParB proteins bound around parS close to the origin of replication (ori) [27] [28] [29] [30] . Condensins are recruited to this ParBS region, and from there propagate deep into the bulk of the DNA polymer [25, 26] . Removing the loading site results in a loss of the cross-diagonal in Hi-C maps, and adding additional loading sites disrupts the cross-diagonal [11, 12] . Moreover, the translocation of condensins away from the loading site depends on their ATPase activity; condensin mutants that cannot bind ATP only weakly associate with DNA, and mutants that do not hydrolyse ATP do not efficiently propagate away from the ParBS loading site (electronic supplementary material, B and [25, 26] ). With a ring-like topology of 25-50 nm in diameter, the condensin ring is large enough to trap a DNA loop by threading a DNA duplex through it [19] [20] [21] [22] [23] 25, 31] . It has been proposed that the possibility of condensins to trap DNA-loops would enable them to align the chromosomal arms by progressively extruding DNA-loops from the origin to the terminus region [6, 11, 12] . Important clues on the role of ATPase activity in SMC condensin come from in vitro single-molecule experiments. These experiments revealed that Saccharomyces cerevisiae condensin is a molecular motor, and performs active translocation over DNA duplexes [32] . Kymographs showed that the direction of movement of yeast condensin is a priori random, and switches direction after a typical time-scale; in other words, yeast condensin performs persistent random motion over DNA. In fact, recent single-molecule experiments have revealed that such yeast condensin performs active loop extrusion [33] . Similar experiments have not yet observed such motor activity for bacterial condensin [34] . Nevertheless, it has been widely speculated that the ATPase activity of bacterial condensin is also directed towards motor activity [22, 25, 31, 35] . In this picture, condensin would actively extrude DNA-loops, possibly by feeding DNA duplexes through its ring-like structure [36] [37] [38] [39] . By contrast, other models have been proposed in which the ATPase activity of condensin is directed towards regulating its association with DNA [25, 26, 38, 40] . Thus, it remains an open question whether bacterial condensin also acts as a loop extruding enzyme, or whether the ATPase activity primarily regulates the DNA-recruitment of condensins.
To elucidate the role of condensin ATPase activity on bacterial chromosome organization, we develop two minimal models for condensin-DNA interactions, where we describe SMC condensin as a slip-link that non-topologically traps a DNA-loop (figure 1). In these models, we analyse the complex interplay between the molecular-scale dynamics of SMC condensins and large-scale chromosome organization. In the most basic model, condensin activity is assumed to be directed towards regulating its DNA-recruitment, while the dynamics of condensin slip-links on the DNA is diffusive. Although the motion of individual slip-links on the DNA is purely diffusive, their active recruitment to DNA results in nonequilibrium collective motion of slip-links. Interestingly, we find that such diffusive slip-links can organize the chromosome into a juxtaposed state, but not within physiological constraints. Next, we expand the model to include motor sliplinks that perform persistent random motion on DNA, as observed for yeast condensin in vitro [32] . We find that these motor slip-links are much more effective in organizing the entire chromosome. In particular, our motor slip-link model requires at least 2-3 orders of magnitude fewer condensins to organize the chromosome than in the diffusive slip-link model. In addition, the development of the juxtaposed state exhibits sub-diffusive dynamics in the diffusive slip-link model, in contradiction with the rapid re-organization observed in vivo [12] . We show that such a fast re-organization of the chromosome can be achieved by motor activity in the form of active loop extrusion. More generally, we provide a quantitative model to address key questions in bacterial chromosome organization, such as the role of an exclusive loading site, cell confinement, motor activity and interaction of SMC condensin with other DNA-bound factors.
Model
Our model of condensin -DNA interactions (figure 1) contains two ingredients: (i) a circular DNA polymer, and Condensins are represented as slip-links, which either perform diffusive or more persistent, motorized movement (inset). Our computational method simulates the stochastic interplay between DNA dynamics and slip-link positioning. (Online version in colour.) (ii) multiple SMC condensins that interact with the DNA. We employ a lattice polymer with a lattice constant set by the persistence length of DNA (electronic supplementary material, A). Condensins are modelled as slip-links: elastic rings that trap a DNA-loop by encircling two DNA duplexes. Importantly, we consider both diffusive and motor slip-links. Diffusive slip-links move randomly (stepping rate k 0 ) over the DNA (figure 1, inset); motor slip-links perform persistent random motion (translocation rate k motor ) with a persistence time-scale t switch ¼ k À1 switch . These persistent dynamics enable motor slip-links to actively extrude DNA loops.
To simulate the dynamics of both the DNA polymer and the slip-links, we developed a kinetic Monte-Carlo (KMC) algorithm (electronic supplementary material, A). Our KMC algorithm simulates the Rouse dynamics of DNA [41, 42] , the associated stochastic motion of slip-links on the DNA, as well as the microscopic reactions in which slip-links bind to (rate k þ ) or unbind from (rate k 2 ) the DNA. For simplicity, we assume instantaneous slip-link binding k þ ! 1, justified by the relatively fast cytosolic diffusion of condensin [43] . Additionally, we fix a maximum number of slip-links N p that can bind to the DNA.
Results

Diffusive slip-links with a specific loading site can organize the chromosome
In the simplest implementation of our model, there is no specific loading site: diffusive slip-links can bind and unbind anywhere on the DNA (figure 2a, DParB/S). This assumption results in a homogeneous binding probability p p (i) (figure 2a, bottom). Importantly, in the DParB/S scenario, all microscopic reactions are fully reversible, implying that the system relaxes into thermodynamic equilibrium. In equilibrium, small loops are strongly favoured, owing to the increasing entropic cost of loop formation with larger loop size. This tendency to form small loops is reflected in the loop diagrams (figure 2a, top). Indeed, the loop sizes trapped by the slip-links are consistent with the equilibrium loop-size distribution (electronic supplementary material, H). Furthermore, in this scenario the contact maps are structureless and only exhibit a single main diagonal (figure 2a, middle), as for a random polymer. the slip-links can easily bind over the full extent of the polymer, they do not organize the chromosome. We next investigate how the presence of a slip-link loading site [11, 12, 16, 25, 26] impacts steady-state chromosome organization. Note, while recruitment of slip-links in our model is exclusive to ori, unbinding can occur anywhere on the DNA. This implies that the reactions involving slip-link binding/unbinding are partially irreversible. Hence, detailed balance is broken [44] , and the system may no longer evolve towards thermodynamic equilibrium. Nevertheless, for slow dissociation kinetics (small k 2 ), we observe an unstructured contact map (figure 2b; electronic supplementary material, H), similar to the equilibrium system lacking a specific loading site (figure 2a; electronic supplementary material, H). Moreover, the loop diagrams again show that the slip-links mostly encircle small loops (figure 2b, top). In summary, we see that, although detailed balance is broken on the level of slip-link binding/unbinding, the diffusive slip-links with slow dissociation kinetics do not appear to organize the DNA polymer.
Interestingly, increasing the dissociation kinetics of sliplinks results in dramatically different contact map. We observe the emergence of a prominent cross-diagonal, which either disperses away from the loading site (figure 2c) or remains clearly resolved over the whole polymer (figure 2d ), depending on the density of slip-links. Interestingly, the loop diagrams for these systems exhibit a topology distinct from the equilibrium configuration; sliplinks trap DNA-loops in a cooperative, nested manner. Movies of the loop diagrams and contact maps clearly demonstrate that these nested loops propagate away from the loading site, dynamically driving a juxtaposition of the two polymer arms (electronic supplementary material, movies 3a-b and E). This dynamical arm-arm alignment is a distinct out-of-equilibrium phenomenon, and thus requires the exclusive binding of slip-links to the loading site. Thus, our observations show that diffusive slip-links with fast dissociation kinetics in conjunction with a loading site can, in principle, generate a non-equilibrium polymer organization similar to that found in living cells [6,10 -12] .
To investigate the role of slip-link kinetics on loop topology more quantitatively, we employ a metric that captures essential topological differences between the loop network of random and juxtaposed polymers (compare figure 2b to figure 2c,d). To this end, we define the order parameter u [ [0, 1] as the fraction of nested loops (figure 2h and electronic supplementary material, C). We observe a sigmoidal relationship between u and the dissociation rate k 2 for diffusive slip-links, with u transitioning from low to high values with increasing k 2 (figure 3, blue). This surprising link between k 2 and u can ultimately be traced to collective interactions between slip-links: steric hindrance between slip-links drives loops away from the loading site, resulting in ballistic collective motion of slip-links (electronic supplementary material, movie 3b). The lifetime t NS of nested loops depends on both the velocity of the ballistic movement and on the polymer length N m . We argue below that the increase in t NS owing to these two factors quantitatively accounts for the increase of u with k 2 .
We find that the characteristic dissociation rate at the inflection point of u coincides with the transition from a random polymer to a juxtaposed organization with a cross-diagonal in contact maps (d 1 versus d 2 in figure 3 ). In addition, we observe that the equilibrium implementation of diffusive slip-links that bind non-specifically to the DNA (DParB/S) yields u % 0 (d 3 in figure 3 ), confirming our previous observation that the loading site is necessary for creating large, nested loops (electronic supplementary material, H). Thus, in the presence of a loading site, diffusive slip-links appear to drive a dynamical transition between phases of weak and strong nesting of DNA-loops, and this transition is crucial to establish the juxtaposed state of the chromosome.
Importantly, in our model with diffusive slip-links, we find that having many nested loops is a necessary, but not sufficient condition to organize the polymer into a juxtaposed state (electronic supplementary material, G). These loops also need to propagate into the bulk of the polymer. Indeed, we find that the propagation of diffusive slip-links is a densitydriven process: the nested loops only propagate over the full length of the polymer for very high slip-link densities (electronic supplementary material, D). This can be clearly seen in the binding profiles p p (i); at low slip-link densities, the binding profile is sharply peaked around the loading site (figure 2c, bottom), whereas this peak broadens as we increase the slip-link density (figure 2d, bottom).
Irreversible slip-link binding acts as a kinetic filter for nested loops
To understand the impact of loop lifetime on u more quantitatively, we model the loop topology of the slip-links as N p independent two-state systems: 
where p S and p NS are the probabilities for a diffusive slip-link to enclose a self and nested loop, respectively, after loading to ori. The lifetime of a self-loop is t S % k À1 À . We estimate the lifetime of a nested loop by t NS % 1 2 N m =hvi þ k À1 À , where kvl is the mean velocity of a slip-link moving through the bulk of the polymer. Since the nested loops propagate ballistically in the high-density phase (figure 4; electronic supplementary material, movie 3b), there exists a well-defined velocity kvl that depends on the system size. In particular, we empirically find for f p ¼ 0.4 that hvi % ck 0 =N 2 m where k 0 is the slip-link movement attempt rate and c % 9 (figure 4). This 1=N 2 m scaling is distinct from the 1/N m scaling observed in the simple symmetric exclusion process [45] , probably owing to polymer loop entropy that impedes the movement of slip-links away from the loading site.
In summary, our estimate for kul is
From this, we determine that nested loops start to dominate the loop topology from a characteristic dissociation rate k w À N À3 m . The dependency of u on k 2 reveals that the irreversible loading mechanism functions as a kinetic filter: the fast dissociation kinetics filters out self-loops, only allowing nested loops to propagate through the system. Since c in equation (3.1) can be determined from a measurement of kvl, this form for kul does not contain any free fit-parameters, and collapses data for various N m , k 2 onto a single master curve (figure 5).
Motor slip-links are highly effective in organizing the chromosome, even at low densities
Motivated by recent observations of motor activity of yeast condensin in single-molecule experiments [32, 33] , we next explore how such activity impacts the ability of slip-links to organize the chromosome. In our model, motor slip-links are assumed to perform persistent random motion (figure 1, inset). Such persistent slip-links actively extrude loops [33,36 -39] . The active dynamics of motor slip-links is characterized by the switching rate k switch . For k switch ! 0, the motor slip-links never reverse direction, whereas for k switch ) k motor they behave as diffusive slip-links. We find that motor slip-links with small k switch organize a system-spanning cross-diagonal ( figure  2f ), whereas the cross-diagonal retracts for increasing k switch ( figure 2g ).
Overall, we observe that the persistence of such motor slip-links renders them much more effective at producing the cross-diagonal (figure 2f -g). Even for low slip-link densities, a system-spanning cross-diagonal is formed together with an extended binding profile (figure 2f ). Indeed, motor slip-links can readily drive the chromosome into a state with a high degree of loop nesting. Even in the absence of a loading site (m 3 in figure 3 ), motor slip-links efficiently create nested loops. However, the degree of loop nesting u is sensitive to k switch (figure 3, red). We observe a decline of u with increasing k switch , although u remains above 50% even if the motor slip-link on average switches direction with each step (k switch ¼ k motor ). Since a high degree of loop nesting is necessary for establishing the juxtaposed state (electronic supplementary material, G), the rate of directional switching must remain sufficiently small for the motor slip-links to organize the chromosome.
Importantly, in the absence of a specific loading site, motor slip-links still extrude large loops and efficiently propagate along the polymer, as reflected in the higher contact probability away from the main diagonal (figure 2e). However, there is no breaking of translational symmetry by a loading site, resulting in a levelled time-averaged contact map. Interestingly, we observe that systems without a loading site can organize transiently into a juxtaposed state (electronic supplementary material, I and movies 7a-b), but the location of the fold diffuses randomly over the polymer. 
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In vivo experiments have demonstrated that condensins propagate far from their loading site [25, 26] . To quantify the distribution of condensins on the chromosome in our model, we measure the extentX p of slip-link propagation as the standard deviation of the binding profile p p (i) ( figure 2h) . We eliminate the system-size dependence by considering the scaled propagation lengthx p ¼X p =ðN m =2Þ (electronic supplementary material, D) as a function of slip-link density
The scaled propagation length of diffusive slip-links only approaches the in vivo value,x p % 0:5 ( [25, 26] and electronic supplementary material, B), when we use slip-link densities 10% in our simulations (figure 6a, blue). Importantly, this slip-link density would correspond to thousands of condensins on the chromosome, 2-3 orders of magnitude more than reported in vivo [25] . This further illustrates that diffusive slip-links are not efficient at forcing the nested loops into the bulk of the polymer at low densities. By contrast, motor slip-links propagate over the full length of the polymer at all slip-link densities we considered (red data in figure 6 ), as observed experimentally in cells ( [25, 26] and electronic supplementary material, B).
Our results are summarized in a 'state diagram' (figure 6b -c), indicating the scaled extentx c ¼X c =ðN m =2Þ of the cross-diagonal in contact maps. Diffusive slip-links require both fast dissociation kinetics as well as a high slip-link density to bring the polymer into the juxtaposed state (figure 6b). For high densities of motor slip-links f p 10% and low k switch , the slip-links readily juxtapose the DNA polymer (e.g. m 1 in figure 6c ). Contrarily, for increasing k switch , motor slip-links antagonize each other's translocation (e.g. m 2 in figure 6c ), impeding the collective propagation of slip-links away from the loading site, thereby resulting in a reducedx c (compare m 1 , m 2 in figure 6c ; electronic supplementary material, movies 10a -b). In the limit k switch ) k motor , motor slip-links effectively behave as diffusive slip-links with enhanced unbinding kinetics, placing them in the fast dissociation regime (data for k switch 10k motor in figure 6c ). By contrast, for f p & 10%, motor slip-links only require k switch to be sufficiently low. We estimate that wild-type condensin is indeed in this slow switching regime ('exp.' in figure 6c ). In summary, our simulations indicate that condensins at physiological densities can drive nested loops into the bulk of the polymer, crucial for establishing arm-arm alignment, only if they perform motorized, persistent motion.
SMC condensin requires motor activity to rapidly
re-organize the chromosome SMC induction experiments revealed that condensin can propagate from the loading site into the bulk of the DNA, thereby organizing an entire bacterial chromosome in a timespan of only T WT % 24 min (electronic supplementary material, B and [12] ). Based on these experiments, we estimate that condensins translocate away from their loading site with a velocity of %300 nm s 21 . To understand the origin of these remarkably fast dynamics, we compute time-traces X p (t) of the width of the slip-link binding profile for our minimal models. From these traces, we extract a typical propagation time T for slip-links to establish a steady-state binding profile on a DNA polymer of physical length L ¼ a N m (figure 7, inset) , where a % 50 nm is the size of one monomer (electronic supplementary material, table I).
The propagation time of diffusive slip-links scales strongly with DNA length: T L x , with x % 2.5 (figure 7, blue). This scaling differs from simple diffusive motion (x ¼ 2, black in figure 7 ), which we attribute to the loop-entropic forces that Figure 6 . Propagation length of slip-links and associated arm -arm juxtaposition (a) Scaled propagation lengthx p ;X p = 1 2 N m as a function of slip-link density f p for diffusive (blue) and motor (red) slip-links. Indicated are also experimental measurements from [26] for wild-type cells ('WT', red star) and mutants whose SMC condensins have suppressed ATPase activity ('ATPmutant', blue star) (electronic supplementary material, B). Interestingly, our model prediction of motor slip-links, T ¼ vL, is remarkably close to the observed propagation time in vivo (figure 7, 'WT'). Indeed, recent single-molecule experiments have revealed that yeast condensin can extrude DNA loops with a velocity of up to 425 nm s 21 [33] . These data combined with our simulations, strongly indicate that rapid re-organization of the chromosome by SMC condensin requires fast and active loop extrusion.
DNA relaxation dynamics can limit slip-link velocity
What is the relationship between the slip-link translocation attempt rate k motor , the monomer diffusion attempt rate k 0 , the polymer size N m , and the effective motorized slip-link translocation velocity v? To answer this question, we distinguish two regimes: a fast relaxation regime k motor ( k 0 and a slow relaxation regime k motor ) k 0 . In both regimes, for a stiff slip-link to make a step, the two polymer bonds in the direction of movement need to be parallel (electronic supplementary material, figure S8a ). If we denote the prior probability of observing these two polymer bonds to be parallel by C % 3 16 (electronic supplementary material, figure S8b ), then the effective rate of bond-bond alignment is k eff 0 % Ck 0 . In our estimate for the rate k eff 0 , we neglect the force that motor slip-links might exert on these bonds, because in vitro experiments indicate that the stalling force of yeast condensin is very small [33] . Hence, the characteristic rate k w motor that sets the transition from the fast relaxation to the slow relaxation regime occurs at k w motor ¼ k eff 0 . Consistent with the prediction that k motor only depends on local kinetics, our data show that k motor is independent of the system size (figure 8a).
In the fast relaxation regime, the rate-limiting factor is k motor . In this case, the velocity v of slip-links is approximated by v fast (k motor ) % C'k motor . In the slow relaxation regime, k motor . k w motor , polymer relaxation becomes the rate-limiting factor, so that v max % v fast (k w motor ) % C 2 'k 0 . This argument suggests that the scaling form of dimensionless variables v ; v=('k 0 ),k ; k motor =k 0 will collapse the data of k motor , v, k 0 onto a universal curveṽ ¼ Ck fork , C andṽ ¼ C 2 for k ! C. Indeed, our numerical data are well described by this scaling form (figure 8b). By combining in vitro with in vivo empirical data, we estimate that SMC condensin in B. subtilis is well within the fast relaxation regime k motor , 10 25 k 0 ( k 0 .
Discussion
Our computational framework reveals the basic physical requirements for condensins to collectively organize the bacterial chromosome as observed in live cells [6,10 -12] . In the presence of a specific loading site and with physiologically relevant numbers of condensins, we find that motor activity is required to robustly and rapidly generate a system-size spanning juxtaposition of the chromosomal arms. By contrast, purely diffusive condensins would require more kinetic fine-tuning and unphysiologically high copy numbers to organize the chromosome.
Our minimal model for the action of SMC condensin as a motor slip-link accounts for several key observations, including the rapid development of the juxtaposed state [12] and the crucial role of the ParBS nucleoprotein complex as a specific loading site [6, 11, 12, 16] . Without a well-defined loading site (DParB/S ), motor slip-links still transiently organize the polymer into a juxtaposed state. However, the chromosomal fold diffuses along the chromosome, resulting in a structureless time-averaged contact map with enhanced long-range contacts (figure 2e and electronic supplementary material, I). These theoretically predicted behaviours may account for observations in E. coli, where the action of the SMC complex MukBEF does not appear to involve an [15] . Hi-C maps of E. coli do not display a cross-diagonal, but rather an elevated contact probability at large length scales [15] , in line with our simulations (figure 2e and electronic supplementary material, I). Indeed, our model predicts that motor slips-links efficiently create nested loops (m 3 in figure 3 ) even in the absence of a loading site, resulting in enhanced long-range contacts (figure 2e and electronic supplementary material, figure S14 ). Although the function of such a change in polymer organization is unclear, local chromosome organization by SMC proteins has been linked to transcription regulation in various bacteria such as E. coli and C. crescentus [10, 15] . Experiments of SMC condensin propagation in B. subtilis suggest that two condensin complexes might link together in a hand-cuff topology, with each of the two condensins in the dimer actively extruding a separate DNA duplex [12, 13] . In our model, motor slip-links extrude DNA in a symmetrical fashion, as expected for condensins in a hand-cuff configuration: both sides of a slip-link move over a separate DNA duplex with the same translocation rate. However, in recent in vitro assays, single yeast condensin complexes actively extrude DNA loops asymmetrically: one end of the complex appears anchored at a DNA locus, while the opposite end actively translocates over DNA [33] . Interestingly, contact maps of such asymmetric motor slip-links contain a starshaped pattern around the loading site (electronic supplementary material, J), a feature that is also visible in Hi-C maps of B. subtilis [6, 11] . This suggests that there is at least some fraction of condensins performing asymmetric translocation. An equally tantalizing explanation is that the movement of one of the condensins in a dimer is impeded by other DNA-bound factors, thereby forcing a condensindimer to propagate asymmetrically. Indeed, there is growing evidence that the movement of SMC complexes can be antagonized by oncoming transcription factors [11 -13] .
It has also been suggested that the cylindrical geometry of many bacteria, combined with DNA -cell-pole tethering, facilitates chromosome organization [46, 47] . However, our simulations indicate that the effect of confinement alone on chromosome organization is weak, and hence cannot be solely responsible for the juxtaposed organization observed in live cells (electronic supplementary material, F). This is in line with the observation that mutants lacking SMC condensin, but with the ori-proximal loci still tethered to a cell-pole, also lack the cross-diagonal [12] .
Our simulations further indicate that even purely diffusive slip-links with fast dissociation kinetics can induce arm-arm alignment, but at low slip-link densities this organized state remains localized near the loading site (electronic supplementary material, E). For a given number of condensins (3-30 per chromosome [25] ), however, the slip-link density depends on DNA length. Therefore, we expect that a physiological number of non-motorized condensins can organize a mini-chromosome or plasmid of tens of micrometres in length. Indeed, plasmids are known to bind SMCs [48] and contain ParBS nucleoprotein complexes that could act as a condensin loading site [49] .
Finally, our computational model can be used to unravel the function of juxtaposed organization in faithful chromosome segregation [1, 6, 16, 17, [50] [51] [52] . More broadly, we provide a framework to elucidate the role of loop-extruding enzymes and ATPases [2, 15, 38, 40, 51] on chromosome organization.
